We present kinematics of 35 highly r-process-enhanced ([Eu/Fe] ≥ +0.7) metal-poor (−3.8 < [Fe/H] < −1.4) field stars. We calculate six-dimensional positions and velocities, evaluate energies and integrals of motion, and compute orbits for each of these stars using parallaxes and proper motions from the second Gaia data release and published radial velocities. All of these stars have halo kinematics. Most stars (66%) remain in the inner regions of the halo (< 13 kpc), and many (51%) have orbits that pass within 2.6 kpc of the Galactic center. Several stars (20%) have orbits that extend beyond 20 kpc, including one with an orbital apocenter larger than the Milky Way virial radius. We apply three clustering methods to search for structure in phase space, and we identify eight groups. No abundances are considered in the clustering process, but the [Fe/H] dispersions of the groups are smaller than would be expected by random chance. The orbital properties, clustering in phase space and metallicity, and lack of highly r-process-enhanced stars on disk-like orbits indicate that such stars likely were accreted from disrupted satellites. Comparison with the galaxy luminosity-metallicity relation suggests M V −9 for most of the progenitor satellites, characteristic of ultra-faint or low-luminosity classical dwarf spheroidal galaxies. Environments with low rates of star formation and Fe production, rather than the nature of the r-process site, may be key to obtaining the [Eu/Fe] ratios found in highly r-process-enhanced stars.
INTRODUCTION
The heaviest elements found in many metal-poor stars were produced by the rapid neutron-capture process (r-process) in earlier generations of stars. Work by Gilroy et al. (1988) demonstrated that genuine differences exist in the overall levels of enhancement of r-process elements relative to Fe in metal-poor stars. The recognition of the highly r-process-enhanced star CS 22892-052 by Sneden et al. (1994) in the HK Survey of Beers et al. (1992) erased any lingering doubt about the inhomogeneous distribution of r-process elements in the environments where metal-poor stars formed. Stars that exhibit Eu/Fe ratios at least 10 times higher than in the Sun, like CS 22892-052, comprise only a small fraction (≈ 3%; Barklem et al. 2005 ) of all metal-poor field stars, and none are known to be physically associated with each other (Roederer 2009 ).
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The environmental impact of the r-process-expressed through the occurrence frequency, distribution, and enhancement levels of r-process elements in stars-can help associate r-process abundance patterns with their nucleosynthetic origins. Observations of the kilonova associated with gravitational wave event GW170817 (Abbott et al. 2017a,b) provide the most direct confirmation that neutron-star mergers are a site capable of producing heavy elements by r-process nucleosynthesis (e.g., Cowperthwaite et al. 2017; Drout et al. 2017; Kasen et al. 2017; Tanvir et al. 2017 ). The occurrence frequency and level of r-process enhancement of stars in dwarf galaxies supports this conclusion (e.g., Ji et al. 2016a; Safarzadeh & Scannapieco 2017; Tsujimoto et al. 2017) , although those results alone cannot exclude rare classes of supernovae as an additional site (e.g., Tsujimoto & Nishimura 2015; Beniamini et al. 2016) . Chemical evolution models (Côté et al. 2018 ) and simulations (Naiman et al. 2018) can help generalize this result to r-process production in the Milky Way. The 244 Pu abundance in deep-sea sediments, which can be used to infer the content of this r-process-only isotope in the ISM, also points to rare r-process events like neutron-star mergers (Hotokezaka et al. 2015; Wallner et al. 2015) .
We lack similar, direct knowledge of the birth environments of highly r-process-enhanced stars in the Milky Way halo field. An increasing number of these stars are now known (e.g., Hansen et al. 2018 , and other ongoing work by the R-Process Alliance). Their proximity to the Sun permits detailed abundance inventories to be derived from optical, ultraviolet, and near-infrared spectra (e.g., Sneden et al. 1998; Roederer et al. 2012a; Afşar et al. 2016) . Five-parameter astrometric solutions (parallax, right ascension, declination, proper motion in right ascension, proper motion in declination) are now available for many of these stars in the second data release of the Gaia mission (DR2; Lindegren et al. 2018) . Line-of-sight velocities based on high-resolution optical spectroscopy are also available for these stars. The full space motion of each star can be reconstructed from these six parameters once a Galactic potential is adopted. We use these data to examine the kinematic properties of a large sample of highly r-process-enhanced field stars for the first time.
We present our sample of highly r-process-enhanced field stars in Section 2, and we present their astrometric and velocity data in Section 3. We describe our calculations of the kinematics in Section 4. We discuss the implications of these calculations in Section 5, and we summarize our conclusions in Section 6. Throughout this work, we adopt the standard nomenclature: for elements X and Y, [X/Y] is the abundance ratio relative to the Solar ratio, defined as log 10 (N X /N Y ) − log 10 (N X /N Y ) .
2. SAMPLE SELECTION Many highly r-process-enhanced stars have been identified and analyzed individually over the last 25 years. Our sample includes stars from the literature which show at least moderately high levels of r-process enhancement relative to Fe, [Eu/Fe] ≥ +0.7; i.e., enhanced by a factor of 5 relative to the Solar ratio. Europium (Eu, Z = 63) is commonly used as a proxy for the overall level of r-process enhancement in a star. A large fraction (≈ 94-98%; Sneden et al. 2008; Bisterzo et al. 2011 ) of the Eu in the Solar system originated via the r-process, despite the fact that both the r-process and the s-process (slow neutron-capture process) contributed roughly equal amounts to the total mass of elements heavier than the Fe group in the Solar system. We also require that the heavy-element abundance pattern in each star has been scrutinized in sufficient detail to determine that the r-process was the dominant source of the heavy elements (e.g., Sneden et al. 1996) . We only include field stars in our sample, so r-process-enhanced stars in dwarf galaxies and globular clusters are not considered. Table 1 lists the 83 stars satisfying our criteria, along with the metallicity ([Fe/H]), europium to iron ratio ([Eu/Fe] ), europium to hydrogen ratio ([Eu/H]), and the literature references for these abundances. We only calculate kinematic and orbital properties for the subset of stars in Table 1 with relatively small uncertainties in their parallax measurements, as discussed in Section 3. We retain all 83 stars in Table 1 as a reference, however, anticipating that better distance estimates will be available in the future.
We emphasize that the sample in Table 1 is subject to strong observational biases. Most of these stars were recognized as being r-process enhanced during highresolution spectroscopic followup of metal-poor candidates identified via objective-prism surveys (Bidelman & MacConnell 1973; Bond 1980; Beers et al. 1985 Beers et al. , 1992 Christlieb et al. 2008) . Many observers contributed to these efforts over the decades, and their decisions of which stars to observe are somewhat subjective and not easily quantified. Our definition of a highly r-process-enhanced star differs slightly from that found in the literature. The common "r-II" designation Gratton et al. 2004) , kinematically-selected samples of disk stars (e.g., Venn et al. 2004; Battistini & Bensby 2016) , and stars toward the Galactic bulge (e.g., Johnson et al. 2012) .
[Eu/Fe] ≥ +0.7 may represent a more natural and physically interpretable lower limit for the class of highly r-process-enhanced stars than the [Eu/Fe] > +1.0 criterion commonly adopted for r-II stars, as we discuss in Section 5.4. Figure 1 Figure 2 illustrates a T eff -log g diagram for the stars in our sample. These stars span a range of evolutionary states, from main sequence stars to the red horizontal branch.
3. INPUT KINEMATIC DATA Table 2 lists the Gaia DR2 source ID, parallax ( ), proper motions (µ α cos δ, µ δ ), distance, heliocentric radial velocity (RV), and 1σ uncertainties for each of these quantities. The , µ α cos δ, and µ δ values are adopted from Gaia DR2 (Lindegren et al. 2018) . The distances reported in Table 2 are adopted from Bailer- Jones et al. (2018) and are based on Gaia DR2 parallaxes. Literature references are given for the RV measurements from high-resolution optical spectroscopy. We estimate the RV uncertainty based on the data quality when previous studies did not explicitly state this value. The systemic RV is listed for known RV-variable stars, when available (e.g., Hansen et al. 2015) . The Gaia RV measurements agree with literature values to within ≈ 2-3 km s −1 . We impose a parallax cut on our sample, requiring that /σ ≥ 8.0 (i.e., 12.5% errors or better). We determine this value empirically, and larger parallax uncertainties generally yield orbital properties and integrals of motion (Section 4) that are highly uncertain. Thirtyfive stars pass this cut for further examination. These stars represent a local sample, as shown in Figure 3 . The median distance is 1.6 kpc, and 80% of the sample is located within 3 kpc of the Sun.
ENERGY, ACTIONS, AND ORBITAL CALCULATIONS
We convert the observed astrometric quantities into orbital parameters and integrals of motion for each star in our sample. We assume that the Sun is on the Galactic plane (Bovy 2017) and is R 0 = 8.0 kpc away from the Galactic center. We also assume that the circular velocity at the Solar position is v 0 = 220 km s −1 and the Solar peculiar velocity relative to the circular velocity is (U , V , W ) = (11.1, 12.24, 7.25) km s −1 (Schönrich et al. 2010) . We adopt the realistic gravitational potential model MWPotential2014 (Bovy 2015) , which assumes a virial mass of 0.8 × 10 12 M . Our calculations account for the correlations between µ α cos δ and µ δ , and µ α cos δ, and and µ δ as reported by Gaia DR2. We sample 10 3 sets of ( , , b, RV, µ α cos δ, µ δ ) from the error distribution of each quantity for each star, where the uncertainties in and b (Galactic longitude and latitude, respectively) are negligible. This exercise yields 10 3 samples of the six-dimensional positions and velocities for each star. We use the publicly-available Agama code (Vasiliev 2018) to calculate the corresponding stellar orbits over 3 Gyr for each sample, yielding pericentric radius (r peri ), apocentric radius (r apo ), maximum height above or below the Galactic midplane (Z max ), and eccentricity (e = (r apo − r peri )/(r apo + r peri )). We also use Agama, which implements an efficient algorithm by Binney (2012) , to evaluate the integrals of motion. This yields the specific orbital energy (E = (1/2)v 2 + Φ(x); hereafter "energy") and threedimensional action (J = (J r , J φ , J z )). We define the radial and vertical actions, J r and J z , in the same manner as Binney (2012) . J r is defined to be non-negative, and its value can be interpreted as the extent of the radial excursion of an orbit. For a given E, J r = 0 for circular orbits or shell-like orbits, and J r is large for eccentric orbits. J z is also non-negative, and its value can be interpreted as the extent of the vertical excursion of an orbit. For example, J z = 0 for planar orbits, and J z is large for orbits with large Z max . We define the azimuthal action by
such that prograde stars have J φ > 0 and V φ > 0. Note that π 3.14 is a mathematical constant, and denotes the parallax. Table 3 lists, for each star meeting our /σ ≥ 8.0 requirement, the calculated median velocities in a cylin- Table 4 lists the calculated median actions (J r , J φ , J z ) and energy (E). Table 5 lists the calculated median values for r peri , r apo , Z max , and e. The columns indicated by a minus or plus sign represent the difference between the median and the 16 th and 84 th percentiles (analogous to the 1σ range) of each quantity.
5. DISCUSSION 5.1. Kinematic and Orbital Properties of Highly R-Process-Enhanced Stars in the Solar Neighborhood In this section, we discuss general kinematic and orbital properties of the ensemble of highly r-processenhanced stars and highlight characteristics of a few individual stars. Figure 4 shows the relationships between [Fe/H] and our calculated orbital and kinematic properties. Different symbol shapes and colors are used in Figure 4 to indicate the different groups of stars identified by our clustering analysis (Section 5.2). For now, we disregard these classifications.
None of the stars in our sample have disk-like kinematics, as shown in Figure 5 . For comparison, Figure 5 also shows a sample of 10,385 disk stars located within 200 pc of the Sun with −0.25 < [Fe/H] < +0.25 (cf. Hattori et al. 2018a) , selected from the Tycho-Gaia Astrometric Solution (TGAS; Lindegren et al. 2016) and RAdial Velocity Experiment (RAVE DR5; Kunder et al. 2017) . There is virtually no velocity overlap between these disk stars and the highly r-process-enhanced stars. If the stars in our sample are not on disk-like orbits, then presumably they must have been formed in situ in the halo, formed in the disk or bulge and ejected into halo orbits, or accreted. We argue in Section 5.4 that the accretion origin is likely for most of these stars.
All of the highly r-process-enhanced stars in our sample are bound to the Milky Way (E < 0; see Figure 4 ). There are roughly equal numbers of stars moving toward (V R < 0) and away from the Galactic center (V R > 0), and there are roughly equal numbers of stars moving north (V z > 0) and south (V z < 0) as they pass through the Galactic disk. There are also roughly equal numbers of stars on prograde (V φ or J φ > 0) and retrograde (V φ or J φ < 0) orbits, and the net rotation for this sample of 35 stars is consistent with zero (unweighted mean V φ = 7 ± 24 km s −1 , with standard deviation 142 km s −1 ). The relative balance in these quantities would indicate that phase-mixing has occurred among an accreted population.
Most of the stars in our sample always remain in the inner regions of the Galactic halo. Figure 6 shows histograms of their r peri , r apo , and Z max values. Many of the stars (77%) are on eccentric (e > 0.5), radial orbits, and 66% of the stars have r apo < 13 kpc, indicating that they are at or near apocenter while in the Solar Neighborhood. More than 51% of the stars pass within 2.6 kpc of the Galactic center at pericenter, and 20% of the sample passes within 1 kpc. Most of the stars (71%) travel at least 3 kpc above or below the Galactic plane, and 20% of the stars orbit beyond r apo or Z max > 20 kpc.
The star in our sample with the highest energy, SMSS J024858. Hattori et al. (2018b) , who found that it has only a 16% chance of being bound to the Milky Way. Whether or not it is bound, it has a high eccentricity and travels several hundred kpc from the Galactic center. High levels of r-process enhancement may be found in stars formed with a wide range of initial separations from the Milky Way, not just those that formed in the inner regions of the halo. The median RV from this source is adopted as the systemic RV Table 3 . Calculated Velocities in a Cylindrical Coordinate System 
Clustering Analysis
In this section we investigate whether any subsets of highly r-process-enhanced stars could have formed together in individual satellites that were subsequently disrupted by the Milky Way. Simulations of satellite disruption indicate that structure remains in phase space after many Gyr of evolution (Helmi & de Zeeuw 2000; Font et al. 2006; Gómez et al. 2010 ). This structure may be distinguished in a Lindblad diagram (E versus L z , the z component of the angular momentum), despite the fact that individual particles would be smoothly distributed across the sky when viewed from the Solar Neighborhood. Particles from an individual satellite are not single-valued in E or L z , but they exhibit a small, characteristic spread (e.g., figure 4 of Gómez et al.) . Jean-Baptiste et al. (2017) raised concerns about using kinematics as the only tracer of structure in phase space, because multiple structures can overlap. Furthermore, structure may not be uniquely identified with an accreted component in galaxies with active merger histories and relatively massive companions with small pericentric radii. The Milky Way's merger history is not so active, and our study alleviates these concerns by using a chemically-selected sample.
We search for structure among the highly r-processenhanced stars in our sample using energy (E) and actions (J r , J φ , J z ). Energy is conserved as long as the potential of the Milky Way is static, and Gómez et al. (2010) showed that stars stripped from the same satellite remain clumped in E even in a realistic time-dependent potential. The actions are insensitive to the slow, adiabatic time-dependence of the potential. The azimuthal action J φ (= −L z ) is conserved even if the potential is rapidly changing, as long as the potential remains axisymmetric. We apply four clustering methods using the implementation from the scikit-learn python package: K-means (Lloyd 1982; Arthur & Vassilvitskii 2007) , agglomerative (Ward 1963) , affinity propagation (Frey & Dueck 2007) , and mean-shift clustering (Comaniciu 2002) . All four methods automatically assign each star to be a member of a cluster, although a cluster may consist of only one star. We adjust the clustering parameter values (number of clusters to be found, metric to be minimized, etc.) so that the resulting clusters appear reasonably coherent. Quantitative evaluations of the clusters (the silhouette coefficient, Rousseeuw 1987; or the Calinski-Harabasz Index, Calinski & Harabasz 1974) fail to distinguish precise values for the number of clusters or other parameters beyond general ranges. Typically ≈ 8-12 clusters are preferred, including single-star clusters. We test the reproducibility of these clustering methods by repeatedly drawing from the input error distributions and recomputing the clusters. The K-means method is highly sensitive to these draws, resulting in unstable cluster membership from one draw to another, so we discard the K-means method from further consideration. The other three methods are stable against the input draws, with only 1-2 stars changing cluster membership < 10% of the time. Figure 7 illustrates our adopted clustering results from the three methods. Only the relationship between E and J φ is shown, although the clustering has been performed for E, J r , J φ , and J z . Each set of symbols in each panel represents one cluster. A few points are worth mentioning. First, the stars with lower values of E overlap more than stars with higher E, so cluster definitions are more challenging in this region of the diagram. Secondly, there are relatively few stars with high E values, so these stars are commonly identified as the single members of their clusters. Thirdly, although the membership of individual clusters differs from one method to another, some subsets of stars are always grouped together. We associate 25 of the 35 stars into eight groups for which the three clustering methods all agree. These groups range in membership from two to four stars each, and they are illustrated in Figures 4 and 8 and listed in Table 6 . We assert that the cluster candidates illustrated in Figure 8 offer a more reprsentative, conservative expression of the data than the results of any individual clustering method. The behavior of the candidate clusters resembles the extended structures in E and J φ (or L z ) predicted by simulations, as shown in figure 4 of Gómez et al. (2010) . The 10 stars that could not be conclusively assigned to these groups are shown as small white circles in Figure 8 .
Evaluating the Groups Using Stellar Abundances
No chemical information is considered in the clustering process, so the stellar abundances can be used to evaluate group membership. Visual inspection of Fig The small dispersions could signal that our groups represent remnants of individual dwarf galaxies with moderate spreads in [Fe/H] .
We check the significance of the small [Fe/H] dispersions for stars within each group as follows. We Figure 6 . Histograms of the pericentric radii (top), apocentric radii (middle), and maximum distance above or below the Galactic plane (bottom) for the 35 highly r-processenhanced stars in our sample. Note that two stars with large rapo (63 draw four [Fe/H] values at random, without replacement, from the 35 stars and compute the sample standard deviation. We repeat this process 10 5 times and compute the probability density distribution. Figure 9 illustrates the results of this test. The top panel indicates the [Fe/H] dispersions for the stars in Groups A, B, and C, each of which contain four stars. The bottom panel of Figure 9 illustrates the results of an analogous test where three [Fe/H] the dispersions in Groups A-F are smaller than that of randomly selected stars in 80.8%, 87.9%, 98.1%, 98.0%, 55.6%, and 80.9% of cases, respectively. The dispersion in [Eu/H] is also small for many of these groups, and a similar analysis reveals that it is smaller than that of randomly selected stars in 99.3%, 29.7%, 93.5%, 54.2%, 74.3%, and 63.6% of cases for Groups A-F, respectively. We regard this result as evidence that at least some of these groups are legitimate, and we proceed under this assumption as a starting point for investigation. Additional tests of the legitimacy of these groups, such as searches for more r-process-enhanced stars with similar kinematics or revisiting the clustering analysis using a range of Milky Way potentials, would be most welcome.
The Environment of the R-Process
Environmental constraints on the r-process have been derived from the ultra-faint dwarf galaxy Ret II (e.g., Ji et al. 2016a; Beniamini et al. 2016; Safarzadeh & Scannapieco 2017) and chemical evolution models of the Milky Way (e.g., Cescutti et al. 2015; Ishimaru et al. 2015; Shen et al. 2015; Côté et al. 2018; and references therein) . Astrometry from the Gaia satellite now enables similar constraints to be derived from stars in the Solar Neighborhood. The highly r-process-enhanced field stars in our sample may be in situ halo stars, disk or bulge stars ejected into halo orbits, or accreted from satellites. A population of stars ejected from the disk would retain a net prograde rotation. The net rotation of our sample is consistent with zero (Section 5.1), so it is unlikely that our sample is dominated by stars ejected from the disk. An accretion origin is likely for the stars with large orbital apocenters or retrograde orbits. In situ or ejected stars are less likely to exhibit structure in both phase space and metallicity, so the groups identified in Section 5.2 also favor the accretion scenario. The 25 stars in groups and the 7 unaffiliated stars with r apo > 20 kpc or V φ < 0 km s −1 constitute the majority (91%) of the sample, so most if not all of these highly r-process enhanced stars were likely accreted.
The metallicity range of our sample ([Fe/H] < −1.4) overlaps with the metal-poor end of the Milky Way disk. A sizable number of stars with [Fe/H] at least as low as −2, and possibly lower, are found on disk-like orbits (e.g., Ruchti et al. 2011; Kordopatis et al. 2013; Beers et al. 2014) . Many of the known highly r-processenhanced stars were identified in non-kinematically selected surveys, and Beers et al. (2000) and confirm that these surveys contain metalpoor disk and halo stars. If the occurrence frequency of highly r-process-enhanced stars is only a function of [Fe/H] , then such stars should also be found among the disk populations. We find no evidence in our data to support this assertion. Increasing the number of highly r-process-enhanced stars with [Fe/H] > −2 with well-determined distances and kinematics would help to strengthen this conclusion.
Many r-process events have occurred in the Milky Way disk, bulge, and globular clusters. This fact is evident from the observation that stars in these populations contain substantial amounts of r-process material ([Eu/H] > −1.5), comparable to the most highly r-process-enhanced stars in our sample. The [Eu/Fe] ratios in disk, bulge, and globular cluster stars are different, however, in that they rarely exceed [Eu/Fe] ≈ +0.6 (e.g., Gratton et al. 2004; Johnson et al. 2012; Battistini & Bensby 2016) . This observation suggests that the difference between these populations and the halo stars we have identified may be the timescales of producing Fe. Figure 8 . Groups of field r-process-enhanced stars as functions of E, Jr, J φ , and Jz. Each group of stars is indicated by a different symbol/color combination, as indicated in the legend. The small white circles indicate stars that were not conclusively associated with one of these groups, either because their membership was ambiguous or because they are outliers. The error bars represent the 16 th and 84 th percentiles of the distributions for each quantity.
Consequently, environments with lower star-formation efficiencies that produce less Fe, like dwarf galaxies, may be necessary to produce extreme ([Eu/Fe] ≥ +0.7) r-process enhancement. This conclusion suggests that the key to obtaining highly r-process-enhanced stars may be the environment where the r-process occurs, not the nature of its site. A single site, such as neutron-star mergers, could dominate r-process production in all environments.
The Nature of the Progenitor Satellites
The kinematics and abundances of the accreted stars in our sample also help reveal the nature of their progenitor satellites. Simulations by Wetzel (2011) and van den Bosch et al. (2016) find that satellites accreted at higher redshifts are more radial, have smaller orbital radii, and are more tightly bound to the host than those accreted at lower redshifts. The simulations of Rocha et al. (2012) revealed that satellites with earliest infall times were the most tightly bound at z = 0. Rocha et al. anticipated that a similar relation for tidal streams could exist, although dynamical friction can complicate this simple picture (see also Amorisco 2017) . The orbital pericenters of all stars in our sample are much smaller than that of Ret II (29 +4 −6 kpc, Simon 2018; 20 ± 5 kpc, Fritz et al. 2018 ) and most of the surviving low-mass dwarf galaxies, whose orbital pericenters are located ∼ 10-100 kpc from the Galactic center (Fritz et al.) . Many of the highly r-process-enhanced stars in our sample likely originated in progenitor systems with small pericentric radii that caused them to disrupt much earlier than the surviving dwarf galaxies.
The similarity between the [Eu/Fe] and [Eu/H] ratios found in Ret II and highly r-process-enhanced field stars (Figure 1 ) suggests a common mass scale between lower-mass dwarf galaxies and the progenitor satellites of highly r-process-enhanced field stars. Seven of the eight groups we have identified have mean metallicities −3.2 < [Fe/H] < −2.2, as illustrated in Figure 10 . If these metallicities are representative of the progenitor systems, then the galaxy luminosity-metallicity relation predicts satellite progenitors with M V −9 or log L 5.5 (Kirby et al. 2008; Walker et al. 2016) . This scale includes ultra-faint dwarf galaxies, like Ret II, and Figure 10 . Comparison of the mean metallicities of Groups A-H with the galaxy luminosity-metallicity relation for Local Group galaxies. Only galaxies with spectroscopicallydetermined mean metallicities are shown. The names of a few representative galaxies are indicated. The data for the Local Group galaxies are adopted from McConnachie (2012), Kirby et al. (2015 Kirby et al. ( , 2017a , Koposov et al. (2015a Koposov et al. ( ,b, 2018 , Laevens et al. (2015) , Martin et al. (2015 Martin et al. ( , 2016 , Walker et al. (2015 Walker et al. ( , 2016 , Kim et al. (2016) , Caldwell et al. (2017) , Carlin et al. (2017) , Li et al. (2017) , Simon et al. (2017) , and Torrealba et al. (2018) .
low-luminosity classical dwarf spheroidal galaxies, like Dra and UMi, which are also known to host a handful of highly r-process-enhanced stars (Shetrone et al. 2001; Aoki et al. 2007; Cohen & Huang 2009 , 2010 Tsujimoto et al. 2017) .
It seems unlikely that the high level of r-process enhancement in Group D stars would be found in all stars in a progenitor of mass comparable to Scl (M * ≈ 2.3 × 10 6 M ; McConnachie 2012), because few known field r-process-enhanced stars have such high metallicities. The small metallicity dispersion of Group D is reminiscent of a globular cluster, but the stars in Group D do not exhibit the light-element chemical signatures in O, Na, or Al that are found in some globular cluster populations (Barklem et al. 2005; Roederer et al. 2014b Roederer et al. , 2018 . We speculate that the stars in Group D may have formed in a relatively dense clump of gas in close proximity to an r-process event in the progenitor system.
We also estimate the initial stellar mass of these systems using the [Eu/H] ratios and theoretical r-process yields from neutron-star mergers. The total stellar mass, M * , is given by
We assume that the r-process material is diluted into H, but only some fraction of this gas will be converted into stars. Here, ε SF is the star formation efficiency, defined from 0 to 1 as the fraction of gas converted to stars. This value is expected to be low in satellites found in low-mass halos (Behroozi et al. 2013 ), and we adopt ε SF = 0.01. M r,ej is the mass in M of r-process material ejected. For a neutron-star merger, M r,ej ∼ 0.005 M , which is the yield of dynamical wind ejecta with low electron fractions (Y e ) that will produce nuclei at and between the second and third r-process peaks, including Eu (see Côté et al. 2018 , and references therein). The term f r,Eu represents the mass fraction of Eu among the r-process material, which is ≈ 0.006 by mass for nuclei at and beyond the second r-process peak (Z ≥ 52; cf. Roederer et al. 2012b ) when adopting the Solar r-process residuals (Sneden et al. 2008) . A Eu is the average mass of Eu in atomic mass units, which is ≈ 152 for the Eu isotopic ratios found in the Sun and r-process enhanced metal-poor stars (e.g., Sneden et al. 2002) . The term f keep is the fraction of r-process material retained by the system, which depends on factors like the location of the event within the satellite's potential well (Safarzadeh & Scannapieco 2017) . We adopt f keep = 1 (Beniamini et al. 2018) . [Eu/H] is the average stellar abundance ratio for each group. Our calculation makes several simplifying assumptions. We assume that all stars formed after the injection of r-process material, which is a reasonable approximation for the fraction of stars that are r-process enhanced in Ret II, but it cannot be strictly correct. We calculate M * values at the time of star formation, and these values would be smaller by 40% today because stars with M 0.8 M have evolved and lost a substantial fraction of their initial mass. We ignore this small correction when comparing the initial stellar masses of the satellite progenitors with the masses of present-day dwarf galaxies. Under these assumptions, the mean [Eu/H] ratios in the eight groups predict M * ∼ 0.7-10×10 4 M . These masses are comparable to the stellar masses of ultra-faint dwarf galaxies, like Com (M * ≈ 7 × 10 3 M ) or Her (M * ≈ 5 × 10 4 M ; Martin et al. 2008) . These order-of-magnitude mass estimates match those from the luminosity-metallicity relation.
6. CONCLUSIONS Traditional chemical tagging relies on the existence of chemically homogeneous populations of stars (e.g., Freeman & Bland-Hawthorn 2002) . We instead use field stars that are highly enhanced in r-process elements ([Eu/Fe] ≥ +0.7) to characterize the environments where the r-process occurred. We examine the three-dimensional velocities, integrals of motion, energy, and orbits of 35 highly r-process-enhanced stars with parallax errors <12.5% in the Gaia DR2 catalog.
More than 77% of the 35 highly r-process-enhanced stars are on eccentric (e > 0.5), radial orbits. About 66% of the stars are on orbits that remain within the inner regions of the halo (< 13 kpc), and more than 51% of the stars pass within 2.6 kpc of the Galactic center. At the other extreme, 20% of the stars have orbital apocenters > 20 kpc, including one star (SMSS J024858.41−684306.4) whose orbital apocenter is larger than the Milky Way virial radius. None of the stars have disk-like kinematics, despite the fact that the metal-rich end of our sample overlaps with the metalpoor end of the disk. Roughly equal numbers of stars are moving radially inward and outward, north and south, and prograde and retrograde, indicating that a substantial amount of phase-mixing has occurred.
We identify eight candidate kinematic groups of field r-process-enhanced stars based on structure in their orbital energies and integrals of motion. These groups show smaller [Fe/H] (and sometimes [Eu/H]) dispersion than would be expected by random chance. The orbital properties, clustering in phase space, and lack of highly r-process-enhanced stars on disk-like orbits indicate that many, if not all, highly r-process-enhanced field stars originated in satellites that were later disrupted by the Milky Way. The dwarf galaxy luminosity-metallicity relation predicts satellite progenitors with M V −9 or log L 5.5 based on the low mean metallicities of seven of the eight groups. Theoretical r-process yields of neutron-star mergers and the stellar [Eu/H] ratios predict stellar masses ∼ 0.6-10 × 10 4 M for the progenitor systems when a number of simplifying assumptions are made. These scales favor ultra-faint dwarf galaxies or low-luminosity dwarf spheroidal galaxies as the birthplaces of highly r-process-enhanced stars.
Comparable levels of r-process enhancement ([Eu/H] > −1.5) are found in the r-process-enhanced field stars and disk and globular cluster populations, but stars with [Eu/Fe] ≥ +0.7 are only found among stars with halo orbits. This observation suggests that [Eu/Fe] ≥ +0.7 may represent a more natural lower limit for classifying highly r-process-enhanced stars. We suggest that the distinguishing factor may be the different rates of Fe production. Environments with lower star-formation efficiency, like dwarf galaxies, may be necessary to obtain extreme ([Eu/Fe] ≥ +0.7) r-process enhancement in subsequent stellar generations. This conclusion allows for the possibility that a single site, like neutron-star mergers, could dominate r-process production in all environments.
The significance of our conclusions can be assessed by future work. Our study is limited by the small number of highly r-process-enhanced stars with reliable kinematics available at present. Efforts like the R-Process Alliance will identify much larger samples of such stars in the near future, and these larger samples will help to confirm or reject the conclusions of our work.
